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Introduction
In eukaryotes, the fundamental building component of chromatin is the nucleosome, which is composed of 147 base pairs of DNA and an octamer containing two copies of each of the core histone proteins H2A, H2B, H3 and H4. The histone amino termini exposed on the nucleosome surface is subject to numerous posttranslational modifications including acetylation, phosphorylation, methylation, ADP-ribosylation, ubiquitination, sumoylation, biotinylation and proline isomerization. [1] [2] [3] [4] [5] [6] [7] These covalent histone modifications provide an attractive storage mechanism for mitotically-and meiotically inheritable information that can be "read" by various effector proteins. Histone modifications often function in a combinatorial manner to alter chromatin structure and accomplish distinct downstream events. It has been widely accepted that cooperation among histone modifications, both spatial and temporal, is associated with diverse biological functions, such as cell cycle progression, DNA replication and repair, transcriptional activity and chromosome stability. [8] [9] [10] [11] Gamete production is a crucial process in the creation of new life for the next generation. Mammalian oocytes are arrested within ovarian follicles at the diplotene stage of the first meiotic prophase, which is also termed the germinal vesicle (GV) stage. Under stimulation by the pituitary LH surge in vivo or after release from an inhibitory environment, the fully-grown oocytes reinitiate meiosis as indicated by GV breakdown (GVBD). 12 The period between the diplotene stage to the onset of GVBD can be divided into four well-defined stages during porcine oocyte development. 13, 14 In GV-I, nuclear membrane and nucleolus are clearly visible and chromatin forms a ring or horseshoe around the nucleolus. In GV-IV, the nuclear membrane is less distinct and the nucleolus disappears completely, and chromatin is seen as an irregular network. These two stages are termed GV and late GV stage (L-GV), respectively, in this review. Just after GVBD, the nuclear membrane entirely vanishes and network-like chromatin is visible, which we call the early GVBD stage (E-GVBD). With further condensation of chromatin, the oocytes progress to pre-metaphase I (Pre-MI) stage. When the microtubules become organized into a bipolar spindle and all chromosomes align at the spindle equator, the oocytes proceed to metaphase I (MI) stage, and subsequently extrude the first polar body, followed by entry into meiosis II and a second arrest at metaphase II (MII) stage. 15, 16 Unlike mitosis, there are many events that specifically occur during meiotic progression, including successive M phases without an intervening DNA replication phase, pairing of homologous chromosomes, and asymmetric cell division, which raises the possibility that particular histone modification patterns may be presented during oocyte maturation and may play meiosis-specific roles. To date, histone modifications during oocyte maturation have been examined in diverse species and substantial results have been reported. In the present review, we focus on the changes, regulation and functions of histone modifications during mammalian oocyte maturation, with a particular emphasis on histone acetylation, methylation and phosphorylation.
Histone modifications are associated with many fundamental biological processes in cells. An emerging notion from recent studies is that meiosis stage-dependent histone modifications are crucial for the oocyte development in mammals. in this paper, we review the changes and regulation as well as functions of histone modifications during meiotic maturation of mammalian oocyte, with particular emphasis on histone acetylation, phosphorylation and methylation. in general, dynamic and differential modification patterns have been revealed during oocyte maturation, indicative of functional requirement. Disruption of histone modifications leads to defective chromosome condensation and segregation, delayed maturation progression and even oocyte aging. Although several histone-modifying enzymes have been identified in mammalian oocytes, more works are necessary to determine how they direct histone modifications globally and individually in oocytes. Studies on chromatin modification during oocyte development will have implications for our understanding of the mechanisms controlling nuclear architecture and genomic stability in female germ line. review review all examined lysine residues are acetylated (H4/K5ac, H4/K8ac, H4/K12ac, H4/K16ac, H3/K9ac and H3/K14ac) in fully-grown GV oocytes. However, with the resumption of meiosis, the deacetylation takes place in the condensed chromosome and is maintained until MII stage, with the exception of H4/K8ac. [19] [20] [21] [22] [23] Bovine oocytes demonstrated a similar acetylation pattern of histone H4 during maturation. 24 Remarkably, the differential acetylation patterns of histones were observed in in vitro-matured porcine oocytes (Fig. 1) . [25] [26] [27] First, the acetylation levels of six lysine residues mentioned above were uniformly decreased at the late GV (L-GV) stage, indicating that histone deacetylation may be required for the orderly progression through GV to GVBD. Second, H4/K5 and H4/K16 were completely deacetylated in MI oocytes, and after transient reacetylation in anaphase I (AI), they were dramatically deacetylated again at MII chromosomes. Interestingly, the intense signals of H4/K5ac and H4/K16ac were still present in the first polar body ( Fig. 1; arrowheads) , indicating that the histone deacetylation of oocytes is regulated by
Changes in Histone Modifications during Mammalian Oocyte Maturation
Global changes in histone modifications in oocytes at different developmental stages have been examined using a panel of antibodies specific for the acetylated, methylated and phosphorylated forms of histones, mostly by immunofluorescence staining coupled with confocal microscopy. The modification states of histones during mammalian oocyte maturation are summarized in Tables 1-3. Dynamic histone acetylation during mammalian oocyte maturation. All core histones are acetylated in vivo; modifications of histone H3 and H4 are, however, much more extensively characterized than those of H2A and H2B. The critical sites for acetylation include at least four highly conserved lysines (K) in histone H4 (K5, K8, K12, K16) and two in histone H3 (K9, K14). 17, 18 The acetylation patterns of histone H3 and H4 during mouse oocyte maturation have been well documented. In general, to MII except for the AI stage, which is inconsistent with another report that both H3/Ser10ph and H3/Ser28ph showed similar co-localization with chromatin during porcine oocyte meiosis. 34 Such a discrepancy may be caused by different magnifications used to observe samples. In sum, with oocytes proceed to the a meiosis stage-dependent mechanism, and the first polar bodies, which have escaped from the normal cell cycle, are beyond the control of this mechanism. Third, unlike mouse oocytes, the signals of acetylated H4/K8, K12 and H3/K9, 14 can be clearly detected at both MI and MII stages in porcine oocyte, which implies that histone acetylation is not constantly lost in metaphase chromosomes. It should be noted that sheep oocytes showed a unique histone acetylation pattern during meiotic maturation. 28 In sheep oocytes, H3/K9 and H4/K12 were acetylated from GV to GVBD stage, and then deacetylated at MI stage; reacetylation was observed from AI to MII stage. Acetylation of H4/K5 first appeared in MI sheep oocytes and became intensive at AI stage; notably, it was barely detectable at MII chromosomes. Altogether, these findings suggest that histone acetylation is a meiosis stage-dependent and lysine residue-specific process during oocyte maturation, and acetylation patterns are not identical among oocytes from different species.
Temporal and spatial distribution of phosphorylated histone H3 during mammalian oocyte maturation. All core histones contain phosphoacceptor sites in their N-terminal domains: H2A and H4 are phosphorylated on serine 1, H2B on serine 14/32, H3 on serine 10/28 and threonines 3/11. 23, 29, 30 Among these, the phosphorylation of serine 10 and 28 residue on histone H3 (H3/ Ser10ph and H3/Ser28ph) is the most extensively characterized in mammalian oocytes ( Table 2) .
By performing immunostaining on mouse oocytes, we examined the temporal and spatial distribution of phosphorylated H3/Ser10 and H3/Ser28 during porcine oocyte meiotic maturation (Fig. 2) . 31 At GV stage, staining of H3/Ser28ph was barely observed on chromatin. Upon meiotic resumption, H3/Ser28ph was clearly detectable at the periphery of Pre-MI chromosomes, and this distribution pattern was maintained until MII. We further found that the staining pattern of H3/Ser10ph was completely different from that of H3/Ser28ph in mouse oocytes. The H3/ser10ph staining appears to closely colocalize with the chromatin in GV oocytes. As the oocytes entered into first meiosis, entire chromosomes were covered by the signals of H3/ser10ph, with intensive phosphorylation of H3/Ser10 in pericentromeric heterochromatin at Pre-MI and MI stage ( Fig. 2; arrowheads) . It is interesting to note that the phosphorylation of H3/Ser10 occurred uniformly along the chromosomes in MII oocytes, indicating that H3/Ser10ph might be functionally distinct between metaphase of first and second meiosis. Nevertheless, contradictory results were reported by Swain et al. showing that mouse GV oocytes had no H3/Ser10ph but did have H3Ser28ph; 32 it is not clear why these studies differ.
Distribution and expression of H3/Ser10ph and H3/Ser28ph during porcine oocyte maturation were examined by immunofluorescence and immunoblotting. 27, 33 Low expression of phosphorylated H3/Ser10 and 28 were detected in GV oocytes. Following gradual dephosphorylation from GV to L-GV stage, a transient phosphorylation of H3/Ser10 at the periphery of condensed chromatin was reestablished at early GVBD stage (E-GVBD), and then the dramatically increased signals covered whole chromosomes from Pre-MI to MII. By contrast, the presence of H3/ Ser28ph rim around meiotic chromosomes persisted from Pre-MI 
Regulation of Histone Modifications in Mammalian Oocyte
Histone acetylation. The steady-state level of histone acetylation is controlled by histone acetyltransferase (HATs) and histone deacetylases (HDACs). More than 17 isoforms of mammalian HDACs have been identified and they are generally classified into three groups: class I (HDACs 1, 2, 3 and 8), class II (HDACs 4, 5, 6, 7, 9 and 10), and class III (SIRTs 1, 2, 3, 4, 5, 6 and 7). 18 The mRNAs of Hdacs 1, 2, 3, 4, 6, 8, 9 and Sirt1 are found to be present during mouse oocyte maturation, 43, 44 and those of Hdacs 1, 2, 3 and 7 are present in bovine oocytes. 45 Immunocytochemical analysis revealed that HDAC1, 2 and 3 were concentrated in the nuclear of fully-grown mouse oocytes. At MI and MII stage, however, only HDAC1 was associated with chromosomes congressed on metaphase plate and this localization correlated with loss of H4/K5 acetylation. 21, 46 Surprisingly, our studies in porcine oocytes 26 showed that HDAC1 localized in the chromatin-depleted spaces at GV stage but then translocated to the periphery of condensed chromosomes with the meiotic resumption. Moreover, by performing western blotting on the in vitro-matured porcine oocytes at different developmental stages, we identified that both the phosphorylated and non-phosphorylated HDAC1 isoforms were present during maturation and their expression underwent gradual changes. It has been widely documented that HDAC activity is regulated in multiple ways including protein-protein interaction, posttranslational modification, abundance, as well as by subcellular distribution. 47, 48 Above data therefore suggest that subcellular localization, expression level and phosphorylated modification of HDAC1 are likely to coparticipate in the regulation of histone acetylation during oocyte maturation.
Real-time quantitative PCR (RT-PCR) analysis showed that HDAC4 transcript was barely detected during oocyte growth, whereas it was readily detectable in fully-grown mouse oocytes. The expression was maintained at a high level until MII stage, and then dramatically decreased after fertilization, 49 indicating that HDAC4 may play specific roles during mouse oocyte maturation. Additionally, HDAC6 has been found to be localized in the cytoplasm of mouse GV oocytes and ectopic expression of this enzyme alters the nuclear structure and causes compaction of the chromatin. 50 HATs are divided into three families: Gcn5/PCAF (general control of amino-acid synthesis 5/p300-CBP-assocaited factor), p300/CBP (adenoviral E1A-associated protein/CREB-binding protein) and MYST. MYST is an acronym of its four founding memebers: human MOZ (monocytic leukemia zinc finger protein), yeast Ybf2 (renamed Sas3, for something about silencing 3), yeast Sas2, and mammalian TIP60 (HIV Tat-interacting 60 kDa protein). [51] [52] [53] High levels of MYST4 mRNA have been found in both GV and MII bovine oocytes. Immunolocalization study showed that MYST4 protein accumulated in the nucleus of GV oocytes, and then concentrated in the vicinity of meiotic spindle rather than on chromosomes when oocytes reached MI stage. 54 Given the global histone deacetylation in metaphase oocytes, it appears unlikely that MYST4 acetylates histone H3 Pre-MI stage, the phosphorylation levels of both H3/Ser10 and H3/Ser28 promptly increased; however, the differential distribution patterns exist between them.
Constant histone methylation during mammalian oocyte maturation. The main methylation sites within histone tails are the basic amino acid side chains of lysine (K) and arginine (R) residues. In vivo, methylated lysines can be found either in a mono-, di-or tri-methylated state, whereas arginines can be either mono-or di-methylated. 35, 36 So far, the methylation status of different lysine and arginine residues on histone H3 and H4 has been examined in mouse, porcine, sheep, bovine and human oocytes. 20, 23, [37] [38] [39] [40] [41] [42] Immunostaining coupled with confocal microscopy has revealed that, in contrast to acetylation and phosphorylation, histone methylation appears to be relatively stable during oocyte maturation, as shown in Table 3 . Methylated histones are basically colocalized with chromosomes in mammalian oocytes, whereas H3K79me3 was observed in the pericentromeric heterochromatin regions of meiotic chromosomes. 38 Exceptionally, Sarmento et al. reported the dynamic methylation patterns of H3R17 and H4R3 during mouse oocyte maturation. 23 At GV stage, H3R17me and H4R3me were found throughout the nucleus in a punctate staining pattern and only weakly colocalized with the chromatin. With the completion of meiotic maturation, methylated H3R17 and H4R3 were almost absent from the chromosomes in MII arrested eggs. However, studies in human oocytes showed that H4R3 maintained a constant methylation state during cell cycle progression through GV to MII stage. HLA-B-associated transcript 8 (G9A) and suppressor of variegation 3-9 homolog 1 (SUV39H1). 68 RT-PCR revealed that the mRNA levels of G9A and SUV39H1 were significantly increased during bovine oocyte growth. 41 Remarkably, accompanying with meiotic maturation, the relative abundance of SUV39H1 dramatically decreased in mouse and bovine oocyte. 69, 70 G9A transcripts were absent in immature and matured mouse oocytes 70 and downregulated in bovine oocytes. 41, 69 PcG proteins enhancer of zeste2 (EZH2) is one of HMTs responsible for methylating H3/K27. 71 Park et al. found that the expression of EZH2 mRNA slightly reduced during porcine oocyte maturation. 39 Although these HMTs experience the fluctuations in mRNA expression during oocyte maturation, the methylation status of H3/K9 and H3/K27 appears not to be affected. 39, 41 In addition, elimination of methylated arginine 3 residues of histone H4 (H4/R3) is catalyzed by the peptidyl arginine deimidase (PAD) enzyme in several human cell lines. 72, 73 PAD is expressed in mouse oocytes, where it has been suggested to play a role in the removal of methylated H4/R3 from condensing chromosomes after the resumption of meiosis. 23, 74 Collectively, although several enzymes catalyze histone modifications have been identified in mammalian oocytes, data regarding transcript and protein abundance is insufficient to draw a mechanistic conclusion with regard to how these enzymes modify oocyte histones globally and individually.
Functions of Histone Modifications during Mammalian Oocyte Maturation
The dynamic nature of histone modifications during mammalian oocyte maturation indicates that they may play meiosis-specific roles. Several critical events in oocyte meiosis have been reported to be influenced by histone modifications; the following sections will give a brief summary.
Histone modifications and chromosome organization. Chromosome condensation is the first visible process occurring at the beginning of oocyte maturation, which is essential for the correct packaging of chromatin fibers into chromosomes and subsequent fidelity of chromosome segregation into daughter cells. In mammalian oocytes at the growing diplotene stage, the chromosomes are found in a decondensed arrangement called nonsurrounded nucleolus (NSN). Subsequently, the chromosomes condense into a ring around the nucleolus and also a threadlike pattern in the rest nuclear space, which is called surrounded nucleolus (SN). The transition from NSN to SN configuration is critical for the acquisition of full developmental competence for the oocyte. 75 Quantification of immunofluorescence signals revealed that the levels of H4/K5 and H4/K12 acetylation, and H3/K9 methylation were higher in SN-type mouse oocytes than in NSN-type oocytes. 20 Inhibition of HDACs activity with trichostatin A (TSA, a general inhibitor of HDACs) in pre-ovulatory oocytes that exhibit the SN configuration resulted in a striking decondensation of euchromatin regions. 76 Moreover, our confocal microscopy analysis showed that distinct lysines on histone H3 and H4 exhibit a uniform deacetylation tendency with gradual chromatin condensation through GV to late GV stage during and H4 at this position. The constant expression of HAT1 and Gcn5 mRNA was also detected during bovine oocyte maturation. 45 Identification of HATs and their potential functions in oocytes derived from other mammalian species have not been reported yet.
Akiyama et al. found that roscovitine (an inhibitor of maturation promoting factor, MPF) or cycloheximide (a protein synthesis inhibitor) treatment can prevent H4/K12 deacetylation during both the first and second meiosis in mouse oocyte, leading the authors to conclude that p34cdc2 kinase activity is essential for H4/K12 deacetylation and the deacetylated state is maintained by newly synthesized proteins that inhibits HATs activity in meiosis. 19 However, by conducting the artificial GV destruction (AGVD), Endo et al. demonstrated that the MPF and MAPK activities were dispensable for the deacetylation of H3/K9 and H4/K12 in porcine oocytes. 55 Furthermore, they revealed that nuclear contents, including class I HDACs, are not required for the global histone deacetylation during oocyte maturation, and that cytoplasmic HDACs other than class I are responsible for this process. 56 Further study of the expression and function of various HDACs and HATs should provide important clues for uncovering the mechanism by which histone acetylation is involved in regulating meiotic maturation.
Histone phosphorylation. Although H3/Ser10 can be phosphorylated by multiple kinases under different conditions, [57] [58] [59] Aurora B is the most important kinase that phosphorylates this residue in vivo during mitosis and meiosis. [60] [61] [62] [63] Aurora B is also known to phosphorylate Ser28 of histone H3 in mitotic cells. 64, 65 Recently, Jelinkova et al. showed that activation of Aurora B preceded phosphorylation of H3/Ser10 during porcine oocyte maturation, and ZM447439 (an inhibitor of Aurora kinase family) treatment prevented the Aurora B activity and the phosphorylation of H3/Ser10, but not the phosphorylation of H3/ Ser28. 34 Interestingly, we found that inhibition of Aurora kinase significantly decreased the phosphorylation levels of both H3/ Ser10 and H3/Ser28 in mouse oocyte, resulting in chromosome misalignment. 31 These observations suggest that Aurora kinase participates in the regulation of histone H3 phosphorylation during oocyte meiosis, which may be essential for the correct chromosome alignment and segregation. On the other hand, the phosphatase that dephosphorylates H3/Ser10 has been identified as protein phosphasetase 1 (PP1) in budding yeast and nematodes. 61, 66 Treatment of immature porcine oocytes with okadaic acid (OA) and calyculin A (CL-A), the PP1/PP2a inhibitors, induced rapid chromosome condensation with hyperphosphorylated histone H3. 67 Similarly, mouse oocytes treated with OA displayed increased phosphorylation of histone H3 at both Ser10 and Ser28 compared to controls. 32 Given these findings, it is possible that a balance of Aurora B kinase and PP1/PP2A activities regulates the meiotic phosphorylation of histone H3 in mammalian oocytes.
Histone methylation. Histone lysine methylation is catalyzed by a family of proteins that contain a SET domain and by yeast Dot1 and its mammalian homologue, DOT1L, which use a novel enzymatic domain. 36 The methylation status of H3/K9 is associated with the activity of the histone methyltransferases (HMTs) interactions between spindle microtubules and specialized chromosomal regions localized at centromeric heterochromatin. 92 The centromeric chromatin with particular histone modification is essential for the formation of a functional kinetochore. Considerable evidence suggests that underacetylated state of histones in centromeric chromatin is required for the recruitment of specific heterochromatin protein in mitosis. 93, 94 Studies in mouse oocytes also indicate that pharmacological inhibition of HDACs during meiotic progression disrupted the binding of ATRX, a member of the SNF2 family of helicase/ATPases, to centromeric domains. 89 Based on these findings, it is reasonable to propose that histone hyperacetylation may disrupt the centromeric heterochromatin domain, as a result, weakened interactions between kinetochores and spindle microtubules are established, causing the deficient chromosome segregation in oocyte meiosis. 26, 89, 93 On the other hand, by performing confocal scanning, we identified the intensive phosphorylation of H3/Ser10 at pericentromeric heterochromatin in metaphase/anaphase mouse oocytes. Importantly, TSA treatment significantly resulted in the dephosphorylation of histone H3/Ser10 in this region. 31 Similarly, addition of histone deacetylase inhibitors prior to the end of S-phase resulted in a decrease of phosphorylation at pericentromeric histone H3 in G 2 phase in two human tumor cell lines. 95 These data suggest that dephosphorylation of H3/Ser10 may be responsible, at least in part, for TSA-induced defective chromosome segregation. Abnormal chromosome segregation was also observed in a Tetrahymena mutant strain produced by replacing serine 10 of histone H3 with alanine. 96 Altogether we conclude that H3/ Ser10 phosphorylation in pericentromeric heterochromatin may participate in the regulation of chromosome segregation during oocyte meiosis.
Histone acetylation and meiotic progression. Upon meiotic resumption, dramatic changes in histone acetylation are observed in oocytes, indicative of functional requirements during these stages. Generally, the acetylation states of all examined lysine residues were uniformly and dramatically reduced from GV stage to GVBD stage in mammalian oocytes ( Table 1) . By preventing histone deacetylation with TSA during this course, we found that the onset of GVBD was markedly delayed in porcine oocytes. Similarly, it has been reported that incubation of mammalian cell lines with inhibitors of HDACs induces an arrest in G 1 or G 2 /M phase. 97, 98 Simultaneous substitution of four conserved lysine residues in histone H4 by glutamine activates the G 2 /M checkpoint and introduction of a single acetylatable lysine in the mutant histone tail suppresses the G 2 /M cell cycle defects in yeast. 99, 100 These findings indicate that disruption of histone acetylation status may result in improper chromosome condensation, which further affects kinetochore-microtubule interaction and induces checkpoint activation, causing cell cycle arrest in the G 2 phase.
We did not observe any apparent effects of histone hyperacetylation induced by TSA on progression through Pre-MI to MII in porcine oocytes, 26 which is consistent with the Aoki lab's finding in mouse oocytes. 21, 90 Nevertheless, De La Fuente et al. 89 found that exposure to TSA during meiotic maturation resulted in significant proportion of mouse oocyte that remained at MI porcine oocyte meiosis. Importantly, such chromatin condensation could be disrupted by TSA treatment, showing chromatin clumps or strands around the nucleolus. 26 These findings indicate the potential connection between histone (de)acetylation and chromatin organization during oocyte growth. In addition, many works have shown that multiple components of chromatin, especially histone modifications, are involved in the Heterochromatin protein 1 (HP1) binding to certain sites of genome. 77, 78 We found that HP1α always colocalized with H4/K5ac, H3/K4me2 and H3/Ser10ph in immature mouse oocytes. Furthermore, dynamic migration of HP1α was observed in germinal vesicle with NSN to SN oocytes, indicative of its involvement in the transition of chromatin configuration. 42 Therefore, it is possible that histone modifications may influence chromatin remodeling in mammalian oocytes by regulating HP1 dynamics.
Numerous data suggest that there is a strong correlation between the phosphorylation of H3/Ser10 and chromosome condensation in mitotic cells. [79] [80] [81] [82] Nonetheless, contradictory conclusions about the relationship between histone H3 phosphorylation and chromosome condensation were obtained in oocytes. Bui et al. reported that the changes in histone H3 kinase activity accurately correspond with the phosphorylation of H3/Ser10 and chromosome condensation during porcine oocyte maturation, implicating that H3/Ser10ph is a key event in meiotic chromosome condensation. 27, 67 In contrast, by setting up a model using oocytes cultured with inhibitors of proteosynthesis cyclindependent kinases, or specifically Aurora kinase, Jelinkova et al. demonstrated that neither Aurora kinase activity nor histone H3 phosphorylation is required for chromosome condensation in porcine oocytes and that these changes are rather concomitant events, which might be important for further processing of chromosome during later stages of meiosis. 34 In support of this idea, we did not observe apparent coupling between the phosphorylation of H3/Ser10 and chromosome condensation in mouse oocytes and early embryos. 31 Additionally, we found that the phsophorylation of H3/ Ser28 is punctually triggered in Pre-MI oocytes and prophase embryos. 31, 33 Similar results were reported in mitotic cells, showing that H3/Ser28ph always initiated in condensed chromosomes at prophase. 64, 83, 84 Thus, phosphorylation of H3/Ser28 might be a critical factor associated with chromosome condensation. Other less-well-understood candidates that may indeed be the phosphorylation relevant to condensation include H2ASer1ph, H2BSer10ph, H2ATur119ph and H4ph. [85] [86] [87] [88] Histone modifications and chromosome segregation. Histone acetylation has been reported to be associated with chromosome segregation in oocyte meiosis. Treatment with TSA induces histone hyperacetylation and a high frequency of spindle defects and chromosome missegregation in mouse and porcine oocytes. 26, 89 Furthermore, failure to deacetylate histones in meiosis has been demonstrated to result in aneuploidy in mouse eggs. 90 Accurate segregation of homologous chromosomes or sister chromatids during anaphase is a critical event in meiosis or mitosis. Any error in this process may result in early embryo death, spontaneous abortion and genetic diseases. 90, 91 Chromosome movement depends on the establishment of physical and biochemical
Concluding Remarks
In conclusion, spatial and temporal expression of histone acetylation, methylation and phosphorylation has been extensively examined during mammalian oocyte maturation. These histone modifications are involved in multiple meiotic events in oocytes. Nevertheless, the contribution of individual modification (like just H4/K5ac) is difficult to discern at present due to lack of tools to ablate each of them. More works are necessary to identify and determine the substrate specificity of the enzymes that regulate histone modifications in mammalian oocyte. Furthermore, the information on other types of modifications, such as sumoylation, biotinylation, ADP ribosylation, proline isomerization and deimination, is rather limited and a direct association of these modifications with mammalian oocyte development remains to be explored. Studies on histone modifications in chromatin during mammalian oocyte development will have wide-ranging implications for our understanding of the mechanisms controlling nuclear architecture and genomic stability in female germ line.
stage. This discrepancy in the effects of TSA treatment on meiotic maturation remains to be elucidated.
Histone acetylation and oocyte aging. Oocytes arrested at MII stage are normally fertilized soon after ovulation. If fertilization does not occur within a optimal window, unfertilized oocytes remaining in the oviduct (in vivo aging) or culture (in vitro aging) will undergo a time-dependent deterioration in quality, a process called "oocyte aging." 101 The acetylation state of histones has been compared between oocytes from younger and older mice by immunostaining. Remarkably, the acetylation levels of H3/K14, H4/K8 and H4/K12 were gradually increased during in vivo and in vitro postovulatory aging, 90, 102, 103 suggesting a deficiency in the mechanism regulating histone deacetylation in the aged oocytes. Moreover, TSA treatment-induced histone hyperacetylation can accelerate the progression of postovulatory aging, leading to the decreased rate of fertilization and subsequent embryonic development. 102, 103 Interestingly, in vitro culture experiment has demonstrated that caffeine treatment can block the histone acetylation during oocyte aging. 102 Regardless, the pathway(s) by which histone acetylation affects oocyte aging remains unclear.
